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SUMMARY

The Oregon Nanoscience and Microtechnologies Institute (ONAMI) is Oregon’s first Signature
Research Center.* ONAMI accelerates research and commercialization of materials science and
related device and system technologies in the Pacific Northwest through a deep collaboration
among Oregon universities, the Pacific Northwest National Laboratory, industry, and the
investment community. It has become an internationally recognized leader in nanotechnology.
The Safer Nanomaterials and Nanomanufacturing Initiative (SNNI) is the largest and most
successful research thrust within the ONAMI.> SNNI strives to address four fundamental
questions that are central to the development of nanotechnology as a responsible and publicly
accepted technology. What are the biological impacts related to nanoparticles? What are the best
strategies to developing nanoparticle materials that retain full function, yet pose no threat to
health or the environment? With the tools that we have developed, can we develop chemistries
for a broader range of nanoparticles in large scale? How can the properties of individual and
ensembles of nanoparticles be harnessed through interfaces with other nanoparticles,
microstructures and macroscale systems?

The ONAMI collaborative addresses these key questions through three research thrusts that bring
innovative approaches and unparalleled talent and resources to the project. At the heart of the
effort is the merger between green chemistry and nanoscience, a concept pioneered at the
University of Oregon. By bringing together key scientists in the life sciences, materials science,
chemistry, physics and engineering, we have designed an effort merging fundamental and
applied research at the forefront of the research within each thrust.

In the first thrust group, we focus on nanoparticle design and their biological impacts. We
conduct studies on a large, diverse library of well-defined nanoparticles to identify the
structure/property relationships that dictate the biological impacts of nanoparticles and use these
relationships to design and produce safer nanoparticles that still possess the desired physical
properties. This thrust group directly addresses AFRL’s concern regarding the safety of
nanomaterials. Key collaborations with AFRL have grown from this research area.

In the second thrust group, we focus on nanoparticle synthesis and production with the aim of
producing precision-engineered nanoparticles with precisely controlled composition and
structure. We design, develop and test new chemistries and reactor formats for nanoparticle
manufacturing in an effort to produce higher quality nanoparticles, at higher throughput and with
less waste.

In the third thrust group, we address a topic that is critical to successful deployment of
nanoparticles in high-performance devices such as sensors, electronics, or optics and that is
interfacing nanoparticles with nano-, micro- and macro-scopic devices - utilizing
environmentally benign approaches. In the past few years, we have focused on nanodevice
applications for energy and energy storage.
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Background and program objectives

Nanoscience and nanotechnology promise to revolutionize many areas within science and
technology ranging from electronics to medicine because unprecedented size-dependent material
properties are being discovered in nanoscale materials. These properties can be harnessed to
produce entirely new materials and devices of interest to the Air Force, including sensors,
electronic and optical materials, adaptive materials and nanocomposites. Given the predicted
widespread use of nanomaterials, concerns have arisen about the biological and environmental
impact of the materials and the processes used to manufacture them. Indeed, the National
Nanotechnology Initiative (NNI) recently published its 2011 strategy to establish guidelines and
research needs on the environmental, health and safety for engineered nanoscale materials®.
Within NNI, several organizations (e.g. EPA, FDA, NIST) are working to determine methods to
measure and catalog nanoscale materials due to increased interest to understand the toxicity of
nanoparticles. The Strategy guide specifically addresses the need to develop a database or
federated databases of nanomaterial properties and biological/ecological effects. SNNI works
with these organizations in ongoing efforts to establish standards, testing strategies, and database
development to address these significant issues. Some of our efforts are outlined below under
program integration and policy guidance. The ultimate objective of this initiative however is the
rational design of safe, yet high performance nanoscale materials, efficient and inexpensive
manufacture of these materials, and the incorporation of the nanoscale materials into high-
performance microscale or larger devices. This approach will simultaneously meet the Air
Force’s need for high performance materials while also addressing its concern for protecting
human health and minimizing harm to the environment.
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Program integration, policy guidance and characterization research (Task 0): SNNI’s
approach to managing a successful and growing research Initiative involved three key foci:
program integration, policy guidance and supporting research efforts in developing methods and
tools for nanomaterial characterization.

Program integration: SNNI supports and manages the research thrusts of the Initiative through
(i) it’s Greener Nano (GN) Conference Series, (ii) participation in academic, government and
industrial conferences or workshops as plenary or keynote speakers and as an exhibitor, (iii)
regular group meetings, and (iv) quarterly reporting.

The GN conferences bring national and international attention to SNNI. The GN series also
served to strengthen collaborations within SNNI research staff, with key collaborations with
AFRL researchers, other governmental agencies (e.g. NIST), other academic institutions (e.g.
CEIN-UCLA, CEINT-Duke) and industrial partners (e.g. Life Technologies, Sony, HP). Indeed,
most of the GN Conferences have been held on industry campuses (e.g. Life Technologies, HP).

SNNI researchers have participated in conferences and workshops as invited or plenary speakers,
session chairs, co-conference organizers, poster presenters, or exhibitors. Some examples
include, the American Chemical Society, Materials Research Symposium, American Physical
Society, the Society for Toxicology, The SETAC World Congress Conference, The
Nanotechnology for Defense (NT4D), the National Nanotechnology Initiative’s (NNI) public
meetings to establish strategy for EHS, IEEE Nano, Nanotechnology Health and Safety Forum,
Organisation for Economic Co-operation and Development (OECD) conference on
Nanotechnology, and NIST Workshop on developing reference materials for nanotechnology.
Over the past six years, key researchers have held regular group meeting between participants,
which have led to successful collaborations and external funding that continue today. For
example, Thrust Group 1 has collectively published over 50 manuscripts and is currently
working on Center funding, Thrust Group 3 resulted in the successful spin off of a NSF funded
Center for Chemical Innovation, the Center for Sustainable Materials Chemistry (CSMC).’
Cumulatively, researchers in SNNI have published >200 publications and successfully won
>$56M in external awards as a result of the seed funding they received from SNNI (see Figure 1).
These results have been previously reported in our quarterly reports submitted to AFRL.

External Awards
79%

Figure 1. Total awards: AFRL = $15,263,377, External funding that resulted from AFRL
grant = $56,950,782
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Policy guidance: ONAMI and SNNI have participated in several areas to guide the development
of safer nanotechnologies. We have worked with several agencies over the years to guide policy
and participate in developing strategies for defining the guiding principles and developing EHS
standards for nanotechnology (NIOSH, EPA, NIST, NNI, ISO, NRC). For example, we

e Served as a committee member for National Research Council Committee on Research
Strategy for Nanomaterials Environmental Health and Safety®

e Served as members of the Scientific Advisory Boards for both the University of
California Center for the Environmental Implications of Nanotechnology and the Duke
Center for the Environmental Implications of Nanotechnology

e Serve on the Scientific Advisory Board for the Nanosafety Consortium for Carbon®

e Participated in several NNI workshops, including the development of the 2011 Research
Strategy for EHS®

e Collaborated with our neighbors, the State of Washington to develop a roadmap for
adopting green chemistry practices in the state'®

e Contributed to the development of the 2011 Laboratory Waste Management Guide for
The Local Hazardous Waste Management Program in King County, Washington™

e Participated in the President’s Council of Advisors on Science and Technology (PCAST)
public meetings on nanotechnology focus areas and strategic plan for NNI

e Assisted our legislative office in drafting the Reauthorization Act of 200

e Served as U.S. delegates to the International Standards Organization (ISO) Technical
Committee (TC) 229 for Nanotechnologies and drafted several U.S. positions in terminology
and nomenclature and standards for Environmental Health and Safety of nanomaterials

e Participated in the development of the Nanoinformatics 2020 Roadmap™*

e Published guidelines on the use of extensive characterization during discovery,
manufacture and testing of nanoparticles. This paper provides the framework to help guide
characterization of nanomaterials for reproducible applications and for toxicological and
biologicallgpplications. It serves as a framework to establish funding for federal research
priorities.

12,13
9

These efforts resonate in official strategy documents from the workshops in which we
participated, such as the 2011 NNI EHS Research Strategy document®, The National Research
Council’s Strategy for Environmental, Health, and Safety (EHS) Aspects of Engineered
Nanomaterials®, The Nanoinformatics 2020 Roadmap™*.

Additionally, the GN Conference series have held sessions dedicated to developing the guiding
principles and iterative design schemes (or ‘design rules’) for inherently safer nanomaterials. The
GN10 program yielded a joint report with the American Chemical Society, Green Chemistry
Institute, “Green Nanotechnology, Challenges and Opportunities”.'® Our pioneering efforts to
develop ‘precision-engineered’ nanoparticles, ‘precisely-characterized’ nanoparticles and “‘design
rules’ for greener safer nanomaterials have become popular descriptors of efforts throughout the
nanotechnology community both the U.S. and abroad in government, academic and industrial
institutions.
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Characterization research support: Understanding the material properties and structure of
nanoparticles is an integral component to developing responsible nanomaterials. Many of the
tools to characterize nanomaterials (e.g. TEM, SEM, NMR, etc.) are insufficient to fully
understand how nanoparticles change in varying conditions; biological systems and
environmental conditions. We develop minimum characterization standards tailored toward the
particle of interest.”> We are currently collaborating with NIST to address the challenges of
characterization at the bio-nano interface. We are also partnering with small companies such as
Hummingbird Scientific, Nanocomposix and Dune Sciences to advance methods and reference
materials need to support characterization efforts.

We have also developed some novel uses for current technologies to measure in situ nanoparticle
growth.’” We purchased a tabletop SAXS and have analyzed time resolved SAXS measurements
of gold (Au) nanoparticles (NP) in solvents with varying ionic strength and SAXS measurements
of GaO clusters in multiple solvents.™

5
Approved for public release; distribution is unlimited.



Research objectives

To address the challenges in establishing environmentally-benign approaches to the
incorporation of nanomaterials into high-performance materials and devices, we blend the
guiding principles of green chemistry, state-of-the-art nanoparticle synthesis and
functionalization, detailed biological investigations of nanoparticle toxicity, high-performance
microreactor development for nanoparticle production, efficient and benign assembly strategies
for bulk materials and devices and detailed physical characterization of these materials and
devices. To this end, three interrelated objectives guide the work of the initiative. These
objectives form the basis for three research thrusts of the initiative.

Thrust group 1. Designing greener nanoparticles: Understanding the biological effects of well-
defined nanoparticle samples, using this knowledge to design safer nanoparticles for nanodevices
and consolidating all existing data.

Thrust group 2. Developing greener nanomanufacturing of engineered nanoparticles:
Development of microreactor platforms for efficient production of functionalized nanoparticles
that reduce material consumption and waste production while providing needed quantities of
structurally-defined materials.

Thrust group 3. Interfacing nanoparticles and nanostructures for device applications: ldentify
environmentally-benign chemical strategies to incorporate nanoparticles and nanostructures into
extended arrays of devices that preserve, or enhance, the properties of the nanoparticles in
applications such as electronics, optics and sensing. In recent years, we have focused on energy
and energy storage applications.

Greener
Nanomanufacturing

~ g
S

Designing safer
nanomaterials

Nanodevice
applications

Figure 2. Graphical representation of Thrust Groups.
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Thrust Group 1: Designing Greener Nanomaterials

The overarching goal of this thrust group is to formulate structure-property relationships for the
biological impact of engineered nanoparticles and to apply these relationships to the design of
new materials with tailored properties. By studying the potential toxicological effects of
nanoparticles before they are incorporated into technologies we can minimize negative
consequences of a growing nanotechnology and promote sustainability. Because nanoparticles
are key building blocks for applications such as in chemical/biological sensing, nanoelectronics,
quantum computing, and nanophotonics they are likely to be widely distributed throughout the
environment. By using a library of structurally and compositionally well-defined nanoparticles in
conjunction with biological assays that examine multiple aspects of cellular and organismal
health, it will be possible to identify those that cause harm and develop structure-property
relationships to feed back into product design. Research tasks under this research thrust to meet
this goal are:

Task 1: Probe the biological impacts of functionalized nanoparticles (K. Guillemin, J.
Hutchison, E, Johnson, R. Tanguay, G. Orr, M. Warner, M. Lonergan, L. Semprini, J. Nason, T.
Radniecki): Biological assays have been established to link the physical, chemical, and
geometric properties of structurally well-defined functionalized nanoparticles to their function in
biological systems. The biological assays give information on nanoparticle movement and tissue
accumulation, changes in gene expression in response to nanoparticle interaction with the
cellular environment, and subsequent alterations to organismal viability and development. We
have developed a whole-animal, high-content screening system using embryonic zebrafish and
augment these studies in other biological systems in vitro (cultured cells, bacteria, yeast) and in
vivo (zebrafish, Drosophila).

Task 2: Expanded libraries of precisely engineered nanoparticles (J. Hutchison, M. Lonergan, A.
Berglund, S. Reed, M. Yan): This task involves the design of new routes to nanomaterials using
feedback from Task 1 to reduce their toxicity and proposes to expand the current library of
nanoparticles for investigation of biological interactions to; (a) develop a diverse array of
functionalized gold nanoparticles with core sizes in the range of 2-20 nm, (b) develop precise
libraries of compound semiconductor nanoparticles (specifically PbS and CdSe) and purification
methods, (c) exploration of the use of naturally occurring lipids and RNA aptmers to control
nanoparticle shape and size and (d) modification of the surface functionalization of nanoparticles.

Task 3: Computational and analytic tools to support the development of environmentally-benign
nanomaterials (Harper, R. Tanguay): There is a paucity of data on nanoparticle characterization
and toxicity or a means for disseminating new data. Many government agencies have called for a
method to catalog the anticipated accumulation of data on nanoparticles into a relatively easy
searchable database.* This task aims to develop such a collaborative knowledgebase of
Nanomaterial-Biological Interactions (NBI) that is systematically linked to related
data/knowledgebases. NBI will serve as a repository for annotated data on nanomaterial-
biological interactions. Relevant computational, analytic and data mining tools will be integrated
and/or developed to extract useful knowledge from diverse datasets on nanomaterial
characterization, synthesis methods and nanomaterial-biological interactions defined at multiple
levels of biological organizations.
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Probing the biological impacts of functionalized nanoparticles

In vitro investigations of gold nanoparticles in biological systems

Project Investigators: Eric Johnson, Karen Guillemin, Jim Hutchison, John Postlethwait
(University of Oregon)

Our research groups focused on the tracking and effects of gold nanoparticles (AuNPs) within
biological systems. Most of the research was conducted in Drosophila, though one zebrafish
study was done as well.

Visualization and tracking of AuNPs in biological systems

The visualization and tracking part of this project proved to be extremely difficult. Traditionally,
tracking in biological systems is achieved by attaching a fluorescent marker to the nanomaterial,
and using confocal microscopy to identify and determine the localization of the nanomaterial.
However, these AuNPs have the ability to “quench” the fluorescence from any tag, so that route
had to be abandoned. Many hours and resources were also committed to determining
localization via TEM, but this suffered from issues with dosing, contrast, and differentiating
AuNPs from uranium-stained sub-cellular structures, such as ribosomes, and was also abandoned
as not being cost or time effective.

We were successful in visualizing some of the cellular repercussions of exposure to AuNPs, as
described in Figure 3. One of the common malformations found in the embryonic zebrafish
screen was a mass on the trunk, which detailed histology and microscopy revealed to be due to
an increase in cell proliferation.

cell nuclei

tissue

dividing cells
A ”

1.5 nm
MES-AuNP

H&E DAPI PCNA

Figure 3. Exposure of zebrafish to 1.5 nm MES-AuNPs induces abnormal cell masses and
cell proliferation

Zebrafish were exposed to 1.5 nm MES-AuUNPs from 8-120 hpf, at which point they were
euthanized, and tissue was fixed, sectioned, and processed for histology and
immunohistochemistry. Transverse section through the trunk of a control (A) and treated (B)
larva are shown. Hemolysin and eosin (H&E) staining revealed an abnormal cell mass (arrow in
B), which appeared similar in cellular structure to the notochord (n, in A). Staining for all nuceli

8
Approved for public release; distribution is unlimited.



(DAPI, in blue) and a marker of proliferating cells (PCNA, in green) revealed a concentration of
cell proliferation surrounding the abnormal cell mass in the MES-AuUNP treated fish (white arrow
inB”’).

In vitro investigations of AuNP effects on Drosophila Kc cells

Kc cells were assessed for cell viability and cell metabolism across a range of concentrations,
and microarray experiments were performed to investigate changes in gene expression as a result
of AuNP exposure. As shown in Figure 4, the results of our cytotoxicity and metabolism assays
indicate the importance of AuNP size in determining toxicity, but also show differential toxicity
of AuNPs with the same core size but different surface functionalizations. These studies were
also conducted using flow cytometry to correlate bulk fluorescence measurements with single-
cell measurements. The effect of ligand alone was also tested using flow cytometry and was
found to not have any effect, even at very high concentrations (data not shown), indicating the it
is the combination of ligand attached to the AuNPs that mediates the effect.

Dose-Response Curves for Cell Permeabilization and Metabolism
After 24 hr Exposure to Nanoparticles
Cell Permeablization as Measured by SYTOX Green Mitochondrial Function as Measured by C12-resorufin
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Figure 4. Results of cell viability and metabolism assays conducted on Kc cells exposed to
AUNPs covered with TMAT (cationic), MES (anionic), or MEEE (neutral) for 24 hrs.

Data points significantly different than controls are designated by # (p<0.05) or * (p<0.01).
Dose-response curves for AuNPs effects on cell viability and metabolism were determined via
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bulk fluorescence readings using a Spectramax M5e (Molecular Devices) in a 96-well format
with 8 biological replicates. The results clearly show cases of both size- and charge-dependent
toxicity. Anionic, cationic, and neutral, 10 nm AuNPs were non-toxic, but the smaller gold
nanoparticles (0.8 &1.5 nm) show differential toxicity depending on surface chemistry. Both
TMAT and MES showed toxicity at quite low concentrations, while the neutral MEEE particles
did not show significant difference from controls until the highest exposure concentrations, and
even then, the magnitude of the effect is much smaller.

The effect of AUNP exposure on the gene expression of Kc cells was also investigated to try and
elucidate potential biological pathways involved in the response or a potential “mode of action”
for AuUNP toxicity. Kc cells were exposed to 50 ppm of various AuNPs for 24 hours, and then
RNA was extracted, labeled, and hybridized on cDNA microarrays to assess relative transcript
abundance. The data was analyzed with a variety of strategies, but the most fruitful and
informative appears to be to select genes above a certain cut-off value for enrichment (2-fold or
1.4-fold up-regulation compared to control) and compare the representation of “gene ontology
families” in the enriched list of genes versus the total list of genes found to be expressed in Kc
cells. This is called Gene Ontology analysis and some example results are shown in Figure 5.
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Figure 5. Visual representations of the hierarchy of molecular function GO families found
to be significantly enriched after 24-hour exposures to 50 ppm AuNPs.

The arrangement of the hierarchies across different AUNPs follows a similar pattern to facilitate
comparison between the particle types. The key to the significance levels associated with the
differently colored GO terms is given at the bottom of the figure.

We used this information on candidate genes (including HSP’s, GST’s, and metallothionenes, to
name a few) involved in the response to AuUNP exposure to develop a series of reporter
constructs that we hoped could serve as reporters for a luciferase-based assay to rapidly screen
an RNAI knockout library for other genes that might be involved in the AuNP response. The
pilot phase of this project worked well, with transient transfection of the construct into Kc cells,
but the data was highly variable from experiment to experiment, and we were unable to stably
transfect the Kc cells to establish permanent reporter cell lines that could have brought more
consistency to the data. Eventually this RNAIi-screening project was abandoned due to the high
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variability and inconsistency of the results, and we decided to shift our focus away from in vitro
assays, towards studying the effect of AuUNPs on adult Drosophila in vivo.

In vivo investigations of AuNP effects on adult Drosophila melanogaster

In vivo effects of AUNPs on adult flies were tested for two routes of exposure, injection into the
abdomen and oral exposure. Mortality results for these experiments are given in Figure 6. We
also began experiments to quantify the AuNP exposure using inductively coupled plasma mass

spectrometry. Results for the injected exposure are shown in figure 7 and suggest that adult flies
are able to clear 1.5 TMAT AuNPs out of their systems quite rapidly.
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Figure 6. Effect of 1.5 nm TMAT exposure via injection (left panel) or oral exposure (right
panel).

The amount injected was calculated to approximate a final concentration of 50 ppm in the fly

hemolymph. The oral exposure was done by starving the flies and then feeding them either
sucrose or sucrose laced with varying concentrations of 1.5 nm TMAT AuNPs.
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Figure 7. Preliminary ICP-MS data from flies injected with 1.5 nm TMAT AuNP shows
rapid clearance of these particles after injection.

More data is needed, especially at the O hr after injection time point, as the theoretical injected
amount was 42 ng, and only 1.2 ng is detected just 12 hrs later.

We have also conducted a preliminary time-course investigation into the changes in gene
expression for adult flies upon exposure to 1.5 nm TMAT AuNPs. For these experiments we
chose to quantify transcript abundance in absolute terms using mRNA-seq and next-generation
sequencing techniques, which is rapidly replacing microarrays & quantitative PCR as the “gold
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standard” for analysis of gene expression. Again the results are far too complex to be conveyed
here, but gene ontology analysis suggested that many of the same biological pathways and
systems that were adversely effected by 1.5 nm TMAT AuNP exposure in the in vitro system
were also negatively impacted in a whole animal exposure scenario.

In conclusion, we have established dose-response curves for in vitro exposures to all of the
nanomaterials supplied to us by the Hutchison group, and have collected useful data sets on gene
expression for those materials shown to exhibit toxicity in both in vitro and in vivo systems.

Identifying the Inhibition and Expression of Sentinel Genes of the Bacteria Nitrosomonas
europaea Upon Exposure to Metal Nanoparticles

Project Investigators: Lewis Semprini, Jeff Nason (Oregon State University), Tyler Radniecki
(now at San Diego State University)

The objective of this work was to generate crucial ecotoxicological data of metal nanoparticles
(NPs) on the environmentally ubiquitous ammonia oxidizing bacteria (AOB), Nitrosomonas
europaea (N. europaea). AOB play a key role in the nitrogen cycle and the removal of nitrogen
from wastewater treatment plants. However, AOB are widely considered among the most
sensitive fauna in the environment being readily inhibited by a wide range of compounds at
levels often orders of magnitude below EPA standards™. This sensitivity makes AOB an ideal
candidate to be an early warning indicator species of environmental toxicity to NPs®. The
proposed work evaluated inhibition, potential toxicity, and gene expression in response of
exposure of N. europaea to metal NPs. Specifically, silver nanoparticles (Ag-NP) were
investigated. Specific objectives were to:

1. Develop a protocol to investigate the inhibition and potential toxicity to Ag-NP using N.
europaea as a model bacteria,

2. Use the protocol to determine the inhibition and toxicity of Ag-NPs that vary with respect
to size, surface charge and functional,

3. Evaluate whether sentinel genes that have been previously identified in our research with
heavy metals respond to the exposure the Ag-NPs,

4. Identify new sentinel genes that result upon exposure Ag-NPs. In our second year of

funding we extended these tasks to include the development of a high-throughput screening
assay for a variety of functionalized Ag-NP.

Additional Specific objectives were to:
5. Develop a high-throughput screening assay to determine NP toxicity to N. europaea,

6. Characterize and investigate the physical/chemical properties of Ag-NP in relevant
aquatic systems,

7. Use the developed high-throughput screening assay to measure the toxicity of
functionalized Ag-NP with different aquatic chemistries.

We chose to focus our research efforts on Ag-NP. Recent advances in nanotechnology have
enhanced the use of silver even further through the creation of Ag-NPs, particles of elemental
silver with a diameter of 100 nm or less. Because of their anti-microbial properties, Ag-NPs are
the most widely used engineered nanomaterials in consumer products (259 out of 483
nanoproducts surveyed in and are used in a wide variety of materials including nanotextiles, food
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containers, clothes washers and dishwashers).? %> N. europaea, the model AOB, is an obligate
chemolithoautotroph deriving its energy for growth and activity from the oxidation of ammonia
(NH3) to nitrite (NOy"). Utilizing a two-step process in which the ammonia monooxygenase
enzyme (AMO) oxidizes NHj to hydroxylamine (NH,OH), which is further oxidized to NO," via
the hydroxylamine oxidoreductase enzyme (HAO).%° N. europaea is an excellent system to
examine the potential ecotoxicity of Ag-NP due to its well defined biochemistry, ability to asses
activity it a multitude of ways (e.g. NO, production, AMO and HAO activity, oxygen uptake,
cell growth and membrane stability) and its ability to be examined in a variety of test media
ranging from simple buffer and (NH,4),SO, solutions to complex wastewater matrices.

Objective 1. Develop a protocol to investigate the inhibition and potential toxicity to metal
NPs using N. europaea as a model bacterium.

The manner in which Ag-NP were added to the test media had a profound influence on the
stability of the Ag-NP suspension, the sensitivity of N. europaea to the Ag-NP exposure and the
repeatability of the dosing (Figure 8). The addition of a high concentration Ag-NP stock solution
(3,630 ppm) directly to a high ionic strength test media consisting only of 30 mM HEPES (pH
7.8) and 2.5 mM (NH,),SO, (Method 1) resulted in highly variable inhibition responses (R* =
0.09, Figure 8A) caused by a rapid aggregation and increase in Ag-NP size, in the absence of
cells (Figure 8C). Conversely, the dilution of a high concentration Ag-NP stock solution (3,630
ppm) to a concentration of 0.25-1.0 ppm in DDI H,0, before the addition of the HEPES and
(NH,) 2S04 (Method 2) resulted in a strong dose-dependent inhibition curve (R* = 0.93, Figure
8B), increased sensitivity and a stable Ag-NP suspension with minimal increases in particle size
(Figure 8C). The increased stability of Ag-NP added using Method 2 can be explained by
colloidal collision theory. When particles are added to media of high ionic strength they tend to
rapid aggregate due to their having a high collision efficiency function, while when added to DI
water the collision efficiency function approaches zero, and little aggregation occurs.
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Figure 8. Nitrification activity of N. europaea cells exposed to 20 nm Ag-NP added to the
test media either via Method 1 (A) or Method 2 (B). (C) The z-average diameter of 20 nm
Ag-NP added to the test media either via Method 1 (©) or Method 2 (e).
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Objective 2. Use the protocol to determine the inhibition and toxicity of metal NPs that
vary with respect to size, surface charge and functional groups.

Once stable Ag-NP test solutions were created using Method 2, a series of 3-hr batch assays
were conducted in which N. europaea cells were exposed to various concentrations of either Ag”
(added as AgNO3), 20 nm Ag-NPs or 80 nm Ag-NPs. N. europaea cells demonstrated a high
sensitivity to both Ag” and the Ag-NPs with the order of sensitivity being as follows (ECsq’s -
effective concentration resulting in a 50% decrease in nitrification activity, are in parenthesis):
Ag" (0.08 ppm) > 20 nm Ag-NP (0.47 ppm) > 80 nm Ag-NP (1.44 ppm) (Figure 9a). These
reported ECsy’s of pure cultures of N. europaea to Ag+ and Ag-NP are 1-2 orders of magnitude
lower than those reported for mixed nitrifying activated sludge and heterotrophic bacteria, such
as Escherichia coli“®. Other studies have reported similar orders of sensitivity with bacteria
being more sensitive to smaller Ag-NP and even more sensitive yet to Ag* .

Several studies have suggested that the toxicity of the Ag-NP may be due to the release of
dissolved dAg®. To determine whether dAg was playing a role in the observed toxicity of Ag-
NP to N. europaea cells, separate abiotic experiments were conducted in which Ag-NP were
placed in the test solution under identical conditions to the biotic experiments. While it is true
that the presence of cells may alter the conditions the Ag-NP experience (e.g., altered
aggregation state, binding to outer-membrane, etc.), it is not possible to conduct this experiment
with the cells present. This is due to the high affinity of Ag™ to the thiols located on the outer-
membrane of the cells which, in turn, would prevent the dAg from being removed via filtration.

At the end of the 3 hr abiotic experiment, the media was filtered using ultra-filtration to remove
the Ag-NPs and the filtrate was monitored for total silver. The results of these studies
demonstrated that a relatively large fraction of the Ag-NPs, by mass, was being liberated with an
observed 30% release, by mass, from 20 nm Ag-NPs and a 5% release, by mass, from 80 nm Ag-
NPs (Figure 9b). The higher dissolution rates of the 20 nm Ag-NP are likely due to a higher
surface area to volume ratio per mass and thus a larger reaction area for which dAg dissolution
can occur. Control studies using Ag-NP in DI water showed no liberation of dAg (data not
shown), suggesting that the liberation was catalyzed by the test media conditions and was not
simply a transfer of Ag+ from the Ag-NP stock solutions.

A plot of the measured activity of N. europaea cells exposed to either Ag” or Ag-NP (from
Figure 9a) against the predicted dAg from the Ag-NP (from Figure 9b) yields a plot in which the
dose-inhibition curve of Ag*, 20 nm Ag-NP and 80 nm Ag-NP lie directly on top of one another
(Figure 9¢). This strongly suggests that it is the released Ag" that is responsible for the observed
Ag-NP toxicity and limits the likelihood of a nanoparticle-specific effect. Thus, the increased
toxicity of 20 nm Ag-NP versus 80 nm Ag-NP, as well as the increased sensitivity of N.
europaea to non-aggregated Ag-NPs, can be credited to the increased rate of Ag™ dissolution on
a mass basis due to a higher surface area to volume ratio.
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Figure 9. (A) Nitrification activity of N. europaea cells exposed to Ag+ (e), 20 nm Ag-NP
(A) and 80 nm Ag-NP (m). (B) The abiotic dissolution of dAg, as measured by
ultrafiltration, from 20 nm Ag-NP (A) and 80 nm Ag-NP (m) after 3 h in the test media. (C)
Nitrification activity of N. europaea cells versus the predicted concentration of dAg in the
test media for Ag+ (e), 20 nm Ag-NP (A) and 80 nm Ag-NP (m). Error bars represent 95%
confidence intervals.

The inhibition exerted by both Ag” and 20 nm Ag-NP were found to be irreversible as activity of
the N. europaea cells did not increase after several washes to remove the Ag* or Ag-NP. In the
case of Ag", the activity of the cells continued to decrease after the cells were washed. A closer
examination of the washed cells revealed that this lack of reversibility may be due to the failure
to remove the tightly-bound Ag from the cells, as the nitrification activity of the washed cells
was highly dependent on the quantity of Ag still found associated with the cells (Figure 10).
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Figure 10. The nitrification activity of the washed N. europaea cells that were originally
exposed to various concentration of either Ag+ (®) or 20 nm Ag-NP (A) versus the amount
of Ag that remained associated with the washed N. europaea cells. Error bars represent
95% confidence intervals.

Interestingly, the level of total Ag found associated with Ag-NP exposed cells was the same as
the concentration of total Ag found associated with Ag™ exposed cells even though the Ag-NP
exposed cells were exposed to total Ag concentrations 5 times greater, on a per mass basis, than
the Ag” exposed cells. This further supports our hypothesis that liberated dAg is responsible for
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Ag-NP toxicity and suggests that only the liberated dAg remained tightly bound to the cells as
the majority of the Ag, presumably the Ag-NP, were effectively removed via washing.

Objective 3. Evaluate whether sentinel genes that have been previously identified in our
research with heavy metals respond to the exposure the NPs.

In past studies with the heavy metals, Zn**and Cd*", we found that the expression of merA, a
mercury resistance protein, was highly up-regulated in batch tests and chemostat tests with N.
europaea *® upon exposure to Zn** and Cd**. Using Real Time-PCR analysis we performed
preliminary studies to determine if merA was also up-regulated upon exposure to Ag*. We could
not draw strong conclusions from these tests as to whether up-regulation of merA was achieved
upon exposure to Ag”.

Objective 4. Identify new sentinel genes that result upon exposure to metal NPs.

We attempted to determine whether specific genes of N. europaea were up-regulated in response
to the exposure of Ag” and Ag-NP. Gene expression tests were performed with Affymetrix
microarrays that contain the genes for the complete genome of N. europaea. We could not
identify any genes that were up-regulated or down-regulated upon Ag* and Ag-NP compared to
the controls. Due to the expense of these microarrays, and our obtaining an NSF grant on this
topic, we did not proceed with additional gene expression studies with SNNI funding.

Objective 5. Develop a high-throughput screening assay to determine NP toxicity to N.
europaea.

Using the same methods as the as large bottle format, 35-ml cell cultures tests, used to generate
data shown in Figures 8 and 9, we decreased the assay size to 1-ml. This permitted the use of a
96-well plate to run the inhibition assays with N. europaea. The standard assay, the production of
nitrite could also be measured using a 96-well plate reader. The method development required
analysis of the effective means of adding and mixing microliter volumes of needed components
to the 96-well plates and to achieve effective mixing during cell incubations. We achieved
effective mixing using 2-ml wells and 1 ml total liquid volume. Presented in Figure 11 are the
results of a comparison test of the large bottle format and the 96 well-plate format for the
exposure to 20 nm citrate Ag-NPs. The results show excellent agreement between the large
bottle format and the 96-well plate format.
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Figure 11. 3hr exposure assay upon exposure to 20nm citrate Ag-NP using the traditional
Big Bottle format and the 96-well plate method. % Activity is based on the rate of nitrite
production of exposed cells compared to the non-exposed control cells.
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Objective 6. Characterize and investigate the physical/chemical properties of Ag-NP in
relevant aquatic systems and Objective 7. Use the developed high-throughput screening
assay to measure the toxicity of functionalized Ag-NP in a variety of relevant aquatic
chemistries.

We have begun to use the 96-well plate method to evaluate the effect of physical/chemical
properties on Ag-NP inhibition. We have performed preliminary studies on the effect of humic
acids on Ag-NP inhibition as well as well as the stage of growth of N. europaea. We have found
that cells that are growing more slowly are less inhibited by Ag” and Ag-NP then cells that are
growing more rapidly. We have also found that in the presence of Suwanne River Humic Acid
(SRHA) protected N. europaea from Ag-NP inhibition as shown in Figure 12. However, when N.
europaea was exposed to Ag” and SRHA no protection was observed (data not shown). The
results indicate that SRHA likely inhibits the release of Ag® from the Ag-NP.
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Figure 12. Activity of N. europea in the presence of Ag-NP and Suwannee River Humic
Acid (SRHA).

% Activity

SNNI seed funding and the collaborations that grew within the thrust group facilitated the
development of several side projects related to examining the stability of engineered
nanoparticles in various relevant aquatic media used for toxicity testing. Throughout the project
period, we worked with Dr. Tanguay, Dr. Harper, and Dr. Lonergan and their students on better
understanding the colloidal stability of the engineered nanoparticles they were utilizing in their
toxicity testing. In all cases, we worked to develop protocols for characterizing the physico-
chemical properties of nanomaterials before, during and after toxicity assays (Y5 Objective 1 and
Y6 Objective 2) this was done primarily by focusing on the aggregation state of the NPs in the
relevant aquatic media using UV-Vis spectroscopy, dynamic light scattering (DLS), and
transmission electron microscopy (TEM). We demonstrated, for example, that order of additions
in the preparation of exposure media containing Ag-NPs was critical to obtaining repeatable
results. Our work with AgNPs and N. eurpoaea has made clear the importance of characterizing
physico-chemical properties and behavior and their relation to toxicity. In related work, we have
explored interactions between SRHA and gold nanoparticles (AuNPs) with different organic
capping agents. The AuNPs, obtained from the Hutchison Lab at UO and NanoComposix, serve
as a useful model system to examine the influences of organic capping agents on nanoparticle
colloidal stability. One advantage of working with gold for the colloidal stability studies is that
the AuNPs do not dissolve under environmentally relevant conditions. It is our hope that these
findings can be extended to other classes of NPs, including silver. SRHA appeared to adsorb to
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each class of AuNP, regardless of capping agent. In the presence of monovalent electrolytes, the
presence of SRHA stabilized the AuNPs with respect to aggregation due to electrostatic and
steric interactions between SRHA coated particles. In the presence of SRHA and divalent
cations, enhanced aggregation was observed and attributed to divalent cation bridging between
2SSRHA molecules adsorbed to adjacent NPs. The results of these studies have been published. %"

In recent work, we have examined the influence of different organic matter fractions on this
same type of behavior. With 10 nm citrate-capped gold nanoparticles, four different classes of
NOM (Suwannee River Humic Acid, Suwannee River Fulvic Acid, Suwannee River Natural
Organic Matter, and Pony Lake Fulvic Acid) were shown to stabilize the NPs with respect to
aggregation. Figure 13 shows the aggregation profiles of citrate capped gold nanoparticles in
the presence of 1 mg/L of each of the four NOM isolates at an ionic strength of 80 mM. In trials
with varying NOM concentrations, only low concentrations (< 1 mg C/L) of higher molecular
weight and more hydrophobic NOM isolates (SRHA and PLFA) were necessary to stabilize the
NPs. However, larger concentrations (> 1-2 mg C/L) of smaller molecular weight fractions were
necessary to provide the same stabilizing effect.
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Figure 13. Time resolved dynamic light scattering data characterizing the change in

hydrodynamic diameter of 10 nm gold nanoparticles in the presence of an electrolyte (KCI)
and several different natural organic matter fractions.

Rapid Throughput Whole Animal Platform To Define Nanoparticle/Biological Interactions: A
Path To Safer Nanomaterial Design

Project Investigators: Robert Tanguay (Oregon State University), Jim Hutchison (University
of Oregon)

The purpose of this project is to expand and automate a whole animal assay to help define
specific nanomaterial properties that influence biological interactions and responses. Dr.
Tanguay served as the group leader. We have exploited the advantages of zebrafish as an in vivo
platform to assess the impact of chemical exposures on early development for over 10 years. Our
dynamic group uses embryonic and larval zebrafish to define the mechanisms by which
pharmaceuticals, novel small molecules, and environmental chemicals interact with molecular
targets to alter complex biological process such as organogenesis, central nervous system
development, tissue regeneration, and signal transduction pathways. We have now established
the embryonic zebrafish experimental platform as a rapid whole animal model for assessing
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nanomaterial biological interactions and response. To maximize the impact of this whole animal
approach for safer nanomaterial design, it was necessary to fully automate the assay. As part of
this effort, our group has developed the tools to incorporate high-throughput toxicological
screening of nanomaterials during early-stages nanomaterial design. For high through-put testing,
our expanded specific pathogen free zebrafish facility now produces sufficient high-quality
disease-free embryos for rapid throughput studies, has streamlined embryo transfer methods, has
defined easily quantifiable endpoints, has completed automated image acquisition and analysis
methods. In addition automated behavioral analysis platforms have been built and demonstrated
to be robust and sensitive. The primary objectives of this project were to fully implement our
high-throughput methods for nanomaterial toxicological screening using embryonic zebrafish
and to investigate larger nanoparticle (NP) libraries.

Objective 1: Screening level evaluations using embryonic zebrafish

Deliverables: In vivo nanomaterial responses will be defined for additional SNNI-generated
and external nanoparticles.

The screening level evaluating embryonic toxicity to zebrafish has been refined to test in vivo
biological responses to nanomaterials in a high throughput manner. Our screening approach has
helped define biological activity and toxic potential of nanomaterials, while using small amounts
of highly-pure functionalized nanoparticles obtained from both SNNI investigators and external
sources. We have streamlined the evaluation of toxicity from 6 — 120 hours post fertilization
(hpf) to assess 16 animals at each standard concentrations (0.4, 2, 10, 50 pug/mL, five-fold serial
dilution) of nanomaterials, with two sets of controls (positive: to ensure animals are sensitive to
stressors, and a negative control: to ensure the animals were of good quality). Previously, for our
biological assay, we manually removed the chorion, a cellular barrier, in batches of 1000 using
an enzyme, and place them into 96-well plates filled with 100 uL of nanomaterial solutions %.
Conducting all the screening manually, created a bottleneck, so we implemented automated
liquid handling into the screening process to improve efficiency and accuracy of nanomaterial
delivery. Additionally, we collaborated with engineers and developed a semi-automated device
(Figure 14a) to dechorionate the embryos in mass (up to 5,000 in 30 minutes) and an automated
embryo handler to deposit dechorionated embryos into 96-wells plate within 8 minutes with less
than 5% error rate (Figure 14b) *°. With this ability to screen in a high through-put manner, we
developed and implemented a custom in-house analysis and assessment program, Zebrafish
Assessment and Analysis Program (ZAAP), that allowed evaluators to assess for 18 adverse
effects (both behavioral and morphological) in real time and the data be stored in a database.
With the data stored in a database, we are able to data-share with the Nanomaterial-Biological
Interaction Knowledgebase (NBI).

Figure 14. Automated (a) dechorionator and (b) embryo handler.
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At present, our lab has assessed over 150 different ‘types’ of nanomaterials using this high
through-put zebrafish screening assay. These nanomaterials include a seventeen member gold
library, copper and cobalt coated nanoparticles, a series of dendrimers, single-walled and multi-
walled carbon nanotubes, 11 commercially available silver nanoparticles, PbS semiconductor
nanoparticles, various zinc oxide, carboxylated and sulfonated nanocellulose nanotubes, a series
of titanium oxide nanotubes, and various surface coated silver, carbon based fullerenes Cg and
titanium dioxide nanoparticles. Figure 15 is a visual representative of the data generated from a
subset of the gold library nanoparticles synthesized by SNNI investigator, Dr. James Hutchison.
This figure illustrates how the manipulation of only one feature (size or surface functional group)
on an otherwise similar nanoparticle results in various degrees of biological response.

MO24 m T
DP24

SM24
NC24
MORT |

YSE_ r
AXIS
EYE_
SNOU

JAW_ ‘
oTIC

PE__ [
BRAI

SOMI
PFIN
CFIN I
PIG_
CIRC

TRUN I I |I Il

End Points

SWIM
NC__

TR_ __ 1 |

GSH MEEE MES TMAT IMPA 2ZDEHL 6-MCH DMAT GLUCOSE GSH MCA MEEE MEPA MES TMAT MEEE TMAT

Color Scale
[ -

50 100

Figure 15. Heatmap depicting the biological response of 17 gold nanoparticles synthesized
by Dr. James Hutchison’s lab in size ranging from 0.8 — 3.5nm.
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When 100% mortality was observed, the endpoints were grayed out to illustrate there were no
survivors at that concentration. Surface functionalities influenced the toxicity of the cellulose
nanocrystals. Endpoint evaluated are defined as follows: MO24 = mortality observed at 24 hpf;
DP24 = developmental progression at 24 hpf; SM24 = spontaneous movement at 24 hpf; NC24 =
notochord malformation at 24 hpf. Endpoints evaluated at 120 hpf were: MORT = cumulative
mortality; YSE = yolk sac edema; AXIS = axis defects; EYE = eye defects; SNOU = snout
defect; JAW = jaw defect, OTIC = otic (ear) defect; PE = pericardial edema; BRAI = brain
defect; SOMI = somite defect; PFIN and CFIN = pectoral and cadual fin defect; PIG =
pigmentation abnormalities; CIRC = circulation defects; TRUN = trunk defect; SWIM = swim
bladder abnormalities; NC = notochord defect at 120 hpf and TR = touch response abnormality.
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Objective 2: Define behavioral consequences following NP exposures

Deliverables: 1) Identification of the nanoparticle functional properties that interact with
the developing central nervous system. 2) Identification of the neuronal populations that
are targeted by nanoparticles.

In addition to the morphology toxicity screening level of nanomaterials, we developed assays to
evaluate behavioral responses following nanoparticle exposures. This assessment measures
motor activity levels induced by a change in lighting. Prior to evaluation, embryos are acclimated
to the dark for 20 minutes, after which the lights are turned on (light period) for 10 minutes, and
then off for ten minutes (dark period), and this alternation of light and dark is cycled 3 times. The
total distance moved and their speed is recorded in a Viewpoint LifeSciences Zebrabox, a
commercially available system. The raw output data files are processed using a custom perl
script designed to compute the average total movement in either the light or the dark period. We
have scaled this assay to measure up to 500 animals simultaneously. With a system in place, we
identified behavioral abnormalities in embryonic zebrafish statically exposed from 6-120 hpf to a
1.5nm gold nanoparticle (AuNP) functionalized with N,N,N-trimethylammoniumethanethiol
(TMAT), and 2-mercaptoethanesulfonic acid (MES), but not with 2-(2-(2-
mercaptoethoxy)ethoxy)ethanol (MEEE). As Figure 16a illustrates, the total distance moved in
the dark for embryos exposed to 50 pg/mL of MES- AuNPs and 10 pg/mL TMAT-AuUNPs was
significantly less than the control and 1.5nm MEEE-AuNPs. When analyzing the total distance
traveled during the dark cycles for the three consecutive cycles, both MES-and TMAT-AuUNPs
induced hypomotor activity (Figure 16b). ** With the numerous neuronal transgenic zebrafish
lines available, we are positioned to identify which neuronal populations are being targeted by
these nanoparticles in the near future.
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Figure 16. AUNP exposure results in abnormal behavior at 120 hpf.
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Objective 3: Define cellular-level effects of nanoparticles in whole organisms
Deliverables: 1) Identification of cellular-level responses in whole animal model 2)
Localization of tissues/cell types affected by nanomaterial exposure

The zebrafish model can be effectively used to identify NPs that alter in vivo cellular death. We
took advantage of this model by asking whether nanomaterials caused an increase in cellular
death. Embryos were exposed to the nanomaterials, and then incubated with acridine orange,
which is a dye, that penetrates weak cell membranes and when bound to DNA, fluoresces to
signify cellular death. After an incubation period, the embryos are immediately euthanized and
are imaged using a motorized microscope, which is time-consuming, as it can take up to 30
minutes to analyze a single animal. To overcome this laborious task, we developed and
optimized a fluorescent plate reader-based assay. This plate-based approach makes the assay
scalable to rapid through-put experiments where 96 animals can be analyzed simultaneously in
less than 20 minutes. Although the plate-based assay does not allow localization of cell types
affected by nanomaterial exposure, we have the ability to conduct the single animal imaging
approach once we identify nanomaterials that causes cellular-level responses. By applying this
concept to assessing nanomaterials, we assessed more materials and minimize the number of
animals used. With these assays in place, we are equipped to investigate and localize the cellular-
level responses.

Objective 4: Uptake and elimination profiles of newly synthesized gold NPs (AuNPS).
Deliverables: Whole animal body burdens of functionalized gold nanoparticles will be
guantitatively determined using INAA.

We recognize that in general, nanomaterials can have differential uptake rates despite identical
exposure conditions. With this knowledge, we took the approach to measure body burden of
nanomaterials in zebrafish at certain times after exposure. Previously, we utilized instrument
neutron activation analysis (INAA); however, due to its inability to measure metals without
gamma radioactive isotopes (such as lead), the requirement of a radiation center and the
relatively high cost of the analysis, it was difficult to routinely use INAA. As an alternative, we
focused on determining the level of detection using Inductively Coupled Plasma — Mass
Spectrometry (ICP-MS). As a proof of concept, we measured both gold and lead using ICP-MS.
2% |CP-MS can detect these metals in the 10 ppt range for gold and 20 ppt for lead, both are with
a 5% accuracy. This method has been applied to estimate total embryonic NP load following
exposure to a series of metal-cored NPs. We have also utilized ICP-MS to estimate the body
burden of embryonic zebrafish exposed to 1.5nm MES-, TMAT- and MEEE-AuNPs. 2% %

Objective 5: Biodistribution analysis

Deliverables: Although we have NP structure and embryonic response data, to date we
have not yet identified target tissues. These studies will identify potential target tissues for
mechanistic-based studies.

Understanding the biodistribution of nanomaterials in a whole organism is currently the most
difficult task at hand. If the nanomaterial is not synthesized with fluorescent material (ie:
quantum dots), it is not trivial to visualize biodistribution, even in a small organism like the
zebrafish, which is ~8 mm by the end of the toxicity assay (5 dpf). We have purchased and used
numerous instrumentations in an attempt to identify potential target tissues. In collaboration with
Dr. Stacey Harper (OSU), we purchased a Cytoviva Hyperspectral microscope in hopes to
identify <2 nm nanomaterials, however there were many technical difficulties with this

23
Approved for public release; distribution is unlimited.



instrumentation when used for whole organisms although it has been demonstrated effective in
cell culture.

Our next approach was to utilize electron microscopy on slices of embryonic zebrafish exposed
to <2 nm gold nanoparticles. However, this task was laborious and calculated to take over 100
hours for a single fish. We conduct high-resolution microtomography (micro-CT) on exposed
embryos and identified potential locations, but the cycle time and reproducibility was not ideal.
Additionally, we have collaborated with Dr. Galya Orr (PNNL), to use their high power
microscopes that are able to non-invasively image through live organisms. These microscopes
were successful when using fluorescently labeled materials, but ineffective for <2 nm gold
nanomaterials. We are currently working with Dr. James Hutchison’s group (UO) to synthesize
gold nanomaterials that are fluorescently labeled to overcome this important barrier.

Objective 6: Define the long lasting consequences following nanoparticle exposure.
Deliverables: We will identify if specific nanomaterials properties that produce long lasting
effects on vertebrate viability or function.

Previously, we identified that 1.5nm MES- and TMAT-AuUNPs were developmentally toxic,
while 1.5nm MEEE-AuNPs were not. To understand whether exposure only during development
produced long lasting effects, we allowed embryos to be exposed from 0-5 days to embryo media,
10 pg/mL TMAT-AUNPs, and 50 pg/mL MES-AuUNPs, and then washed and allowed to grow up
to 122 days (which is when a zebrafish reaches adulthood). The concentrations selected did not
produce any developmental effects during the 0-5 day assay. At 4 months of age, the number of
adult zebrafish survivorship, length, weight and health condition was measured and calculated
(Table 1). Condition factor (K) indices were calculated for each treatment to quantify the
condition of the fish [K=mass (g)*100/length3 (mm)] and to account for the different number of
survivors per treatment. In this study, we found that the different nanoparticles lead to an
increase in both the weight and length of adult zebrafish, and that acute exposure to 1.5nm MES-
AuUNPs decreased the number of survivors into adulthood (Figure 17).3* Additionally, we also
found that the acute, developmental exposure to gold nanoparticles that only differed in their
functional group, resulted in behavioral effects persisting into adulthood.

Table 1. Mean growth, survival and condition factor indices (+SEM) of adult zebrafish
exposed to embryo media, MES- or TMAT-AUNP.

Exposure Survival (%) Length (mm) Weight(g) Condition factor (K)
Embryo media 80 34.78 (0.22) 0.50 (0.011) 0.97 (0.049)
MES-AuNPs 52 38.25 (0.32)° 0.63(0.021)°  1.12(0.032)
TMAT-AuUNPs 78 36.27 (0.31)° 0.54 (0.016) 1.12 (0.022)

Means with different superscript letter designations within columns are statistically significantly
different from the embryo media control (p<0.05).
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Figure 17. AuNPs effect on development into adulthood.

Percent of adult survivorship of embryos exposed to 1.5 nm MES- or TMAT-AUNPSs, or embryo
media control from 0 to 5 days post fertilization (dpf), and rinsed prior to being raised in fresh
water until 122 dpf. Statistical significance was determined using a Fisher exact test. *p<0.05.

Interactions and fate of engineered nanomaterials in living cells and the zebrafish embryo
Galya Orr, Pacific Northwest National Laboratory

Investigate the response of lung epithelial cells to aerosolized nanoparticles at the air-liquid
interface

The focus of this project was to delineate relationships between distinct properties of airborne
engineered nanoparticles (NPs) and their cellular interactions, fate and response in alveolar
epithelial cells at the air-liquid interface. The majority of in vitro studies characterizing the
impact of NPs on cells that line the respiratory tract have been conducted in cells exposed to NPs
in suspension. This approach introduces processes that are unlikely to occur during inhaled NP
exposures in vivo, such as the formation of large agglomerates that no longer carry the properties
of nanomaterial, the formation of coronas of proteins and small molecules found in the growth
medium but not in the lung, and the shedding of toxic doses of dissolved ions into the growth
medium, which is unlikely to occur during airborne exposures. These key differences limit the
ability to extrapolate results from in vitro studies to pulmonary toxicity in animals or humans. To
more closely mimic in vivo exposures to airborne NPs, we established the exposure of alveolar
epithelial cells to aerosolized NPs at the air-liquid interface (ALI)%. This approach enabled us to
delineate accurate relationships between properties of airborne NPs and cellular mechanisms and
response that are relevant to inhaled NP exposures in vivo.

Our effort was initially focused on ZnO NPs, which are used extensively in multiple applications
and pose a significant source for human exposure. ZnO NPs are readily dissolved in growth
media, producing toxic doses of Zn** that might have been the cause for the confusion that still
exists about ZnO NP toxicity. Exposures to airborne ZnO NPs can induce adverse effects, but the
relevance of the dissolved Zn?* to the observed effects in vivo is still unclear. Our goal was to
mimic in vivo exposures to airborne NPs and decipher the contribution of the intact NP from the
contribution of the dissolved ions to airborne ZnO NP toxicity. We established the exposure of
alveolar type Il epithelial cells to aerosolized NPs at the ALI, and compared the impact of
aerosolized ZnO NPs and NPs in suspension at the same cellular doses, measured as the number
of particles per cell. By evaluating membrane integrity and cell viability 6 and 24 hours post
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exposure we found that aerosolized NPs induced toxicity at the ALI at doses that were in the
same order of magnitude as those required to induce toxicity in submersed cultures. These
observations unraveled the ability of airborne ZnO NPs to induce toxicity without the
contribution of dissolved Zn** and suggested distinct mechanisms at the ALI and in submersed
cultures®. While toxicity in submersed cultures might be dominated by the dissolved ions,
toxicity at the ALI might be driven by direct interactions of cellular structures with the intact NP
or with locally dissolved Zn®* at the contact site of the NP with the cell, rather than from global
dissolution. The work cleared the confusion created by in vitro exposures in submersed cultures
by showing that ZnO NP toxicity is not dependent on the massive dissolution of the particles and
the production of toxic doses of Zn?*, unraveling the potency of exposures to the intact NPs.

To better understand the underlying mechanisms we quantified oxidative stress in cells exposed
to aerosolized ZnO NPs at the ALI and in cells exposed to NPs in suspension. A fluorescent
probe (DCF) was used to detect intracellular ROS generation and quantify their level over time
using flow-cytometry. As shown in Figure 18, a significant increase in oxidative stress was
detected at the ALI 6 hours post exposure (p < 0.0001) to a toxic NP dose, which decayed back
to baseline 8-10 hours post exposure. Assessing membrane integrity in these cells by LDH
release (Figure 7B in Xie et al®) showed a significant decrease in membrane integrity as early as
6 hours post exposure (p = 0.0259), which was correlated with the peak in oxidative stress. In
contrast, a robust increase in oxidative stress of more than 10 fold was observed in submersed
cultures as early as 2 hours post exposure (p < 0.01), which decayed back to baseline 8-10 hours
post exposure. Despite the difference in the patterns of oxidative stress at the ALI and in
submersed conditions, the pattern of membrane damage was similar in both conditions (Figure
7D in Xie et al®), showing a significant increase in LDH release as early as 6 hours post exposure.
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Figure 18: Oxidative stress response measured in alveolar epithelial cells exposed to
aerosolized NPs at the ALI (blue) is fundamentally different than the response of cells
exposed in submersed cultures (red) to the same cellular dose (measured as number of

particles per cell).

A robust and immediate response is observed in submersed cultures where Zn ions are shed into
the growth medium (modified from Xie et al®).

To test the hypothesis that toxicity in submersed cultures is largely due to readily available zinc
ions that are shed into the growth medium, while toxicity at the ALI is due, at least in part, to the
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intact NP, we quantified and compared intracellular Zn?* concentrations in the two exposure
systems. Using FluoZin™.-3, a fluorescent indictor for Zn**, we quantified and compared
intracellular Zn*" in cells exposed to aerosolized NPs at the ALI and in cells exposed to NPs in
solution using flow-cytometry. Figure 19 demonstrates the use of FluoZin™-3, showing
increase in intracellular Zn** (green) in cells exposed to a toxic dose of aerosolized particles.

Figure 19: FluoZin-3 (Green) is used to detect and quantify intracellular Zn“", and Hoechst
(Blue) is used to outline the nuclei in control cells (left) and in cells exposed to a toxic dose
of aerosolized NPs right) (modified from Mihai et afl').

Using flow-cytometry, the fluorescence intensity of FluoZin-3 was measured in cells exposed to
increasing NP doses in the two exposure systems. The average intensity of 30 thousand cells per
exposure was calculated and plotted in Figure 20. A striking difference was found in cellular
Zn?* at the lowest toxic dose in submersed and ALI cultures. The levels of intracellular Zn®*
observed at the ALI were far below the levels observed in submersed cultures at toxic NP doses,
suggesting that processes originating from the intact NP are involved in toxicity at the ALI°.
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Figure 20: Intracellular Zn* was measured using FluoZin-3 in cells exposed to ZnO NPs in
solution (A) and in cells exposed to aerosolized NPs at the ALI (B) 24 hours post exposure.
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The lowest dose that initiates toxicity in each system is marked by the arrow. The level of
intracellular Zn?* at the toxic dose is nearly 20 folds higher in submersed cultures when
compared with Zn** levels at the ALI, indicating that toxicity at the ALI is induced, in part, by
the intact NP.

By measuring intracellular Zn** over time in cells exposed at the ALI to a toxic dose of
aerosolized ZnO NPs we found that Zn** levels peak 3 hours post exposure (Figure 21),
preceding the peak in oxidative stress by 3 hours. These observations suggest that a local
dissolution of the internalized NPs inside the cell might contribute to oxidative stress and toxicity.
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Figure 21: The level of intracellular Zn** (green) peaks 3 hours post exposure, preceding
the peak in oxidative stress (red) by 3 hours, in cells exposed at the ALI to a toxic dose of
aerosolized NPs. Intracellular Zn** decays over time but is kept above normal for at least
24 hours post exposure (taken from Mihai et af').

Investigate the fate of NPs with distinct properties in developing zebrafish embryos over
time

In collaboration with Dr. Tanguay and his group (OSU) we established different fluorescence
imaging techniques to identify the fate of nanomaterial within zebrafish embryos and evaluate
the impact of the exposures on the embryo’s development. In addition to time-lapse wide-field
fluorescence imaging, we used multi-photon confocal fluorescence microscopy incorporating
NIR excitation, which provides deep penetration of the laser light with minimal damage to living
tissues, to achieve 3D imaging of the NPs within the developing embryos over time. The fate of
the particles was correlated with the development and survival of the embryos to identify toxic or
biocompatible particle properties and underlying mechanisms.

Figure 22 demonstrates the use of the multi-photon confocal fluorescence microscope to detect
the accumulation of quantum dots (red) within the developing embryo. The heartbeat (in the area
marked by the yellow line) was observed all through the imaging session, indicating viability of
the embryo. These quantum dots (CdTe) were toxic to the organism at 50 ppm and their
accumulation within distinct tissues or organs could shed light on the underlying mechanism.
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Figure 22: CdTe quantum dots (red), provided by FR, were used to expose transgenic
embryos expressing FLI-GFP, a marker for vascular endothelial cells (green).

The quantum dots largely accumulated in the intestine (Figure 23), suggesting that their toxicity
originates from interactions with cells and structures in the intestinal tract. Our effort established
the techniques and protocols for further studies that will continue under the user program in
EMSL to provide a better understanding of the processes leading to toxicity of these quantum
dots.

Figure 23: Image of a Zebrafish emfyo exposed to CdTé guantum dots (red), showing the
accumulation of the NPs within the intestine. The endothelial cells are marked by FLI-
GFP (green).
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Expanded libraries of precisely engineered nanoparticles

Libraries of precisely engineered nanoparticles for biological investigation

Jim Hutchison and Mark Lonergan (University of Oregon)

The objective of this Task was to produce well-defined reference materials needed for
toxicological and biological investigations in partnership with researchers with the toxicologists,
biologists and environmental scientists studying impacts (Task 1, see above) and the
nanomaterials characterization specialist (Task 0). The task involved the production of materials
with precisely controlled size, shape, composition, surface function and purity so that the
influence of each structural feature on the biological impact may be determined. We developed
new methods of synthesis and purification to access nanoparticles with new structural or
chemical features and carefully characterized the materials to ensure strong correlations between
nanoparticle structure/composition and the observed biological effect.

Preparation of new and reference materials needed to investigate the role of nanoparticle
size, composition and surface function on toxicity and biological response

We developed new synthetic approaches and prepared new nanoparticles in support of a variety
of toxicological, biological and environmental studies described in Task 1 of this report. The
library of gold nanoparticles was expanded and refined to support the zebrafish assays conducted
in Tanguay’s laboratory®® 33 and the studies on nanoparticle interactions with natural organic
matter in Nason’s group.* In addition, we examined the role of the inorganic core by preparing
PbS nanoparticles with different surface coatings.*

More than a dozen new or refined thiol-stabilized gold nanoparticles were prepared. In each case,
refinements to the synthetic procedures were required to gain even greater control over the
nanoparticle structural definition and to establish that structure rigorously. To support these
efforts we developed new synthetic methods for triphenylphosphine-stabilized undecagold,
developed methods to prepare water-soluble, ligand stabilized nanoparticles with larger core
diameters and extended our characterization of the nanoparticles to include characterization in

the exposure media.

We used diafiltration, a continuous-flow nanoporous membrane separation technique used in
biotechnology applications as a primary approach to remove small molecule impurities from
nanoparticles. In certain cases where diafiltration was not effective, for example with
nanoparticles that were not soluble in water, we developed several chromatographic purification
strategies.

In order to establish the relationship between nanoparticle structure and biological response, it is
necessary to thoroughly characterize the structural parameters in each nanoparticle material.
Two key innovations developed in this area include rapid analyses of particle core size and size
distribution using transmission electron microscopy and our SMART TEM Grids and the use of
laboratory-based SAXS as a routine tool for rapid nanoparticle size and distribution
characterization. We reviewed our approach to successful nanoparticle characterization in a
recently published perspective article in ACS Nano.™
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Environmental transformations of nanoparticles

We used the SMART TEM Grids to monitor the effects of environment on nanoparticles by
tethering the nanoparticles to the grid, exposing them to different environments and examining
the changes by transmission electron microscopy.* The key results of these studies were: 1.
TEM images of silver nanoparticles five weeks showing the degradation of the parent particles
and the generation of new nanoparticles when held in 100% humidity on surfaces. In solution
these particles are stable on the order of months; 2. TEM images showing the generation of
nanoparticles from silver wire, a silver earring, silverware, and a copper wire showing the
presence of a previously undetected source of nanomaterials. These results improved our
understanding of the fundamental transformations of nanoparticles that are important for
developing a realistic picture of how materials will change when “released” into natural
environments. Our work on silver nanoparticles should influence the regulation of silver
nanoparticles in consumer products and help to further develop metrics for silver release from
both large and small objects.

Develop precise libraries of oxide and compound semiconductor nanoparticles and
purification methods for investigation of biological interactions.

The libraries of gold nanoparticles are precision probes to examine the influence of surface
modification and nanoparticle dimensions on the biological or environmental activity of the
nanoparticles. What is missing are analogous libraries of nanoparticles that make it possible to
probe the influence of the nanoparticle core material. Within this task we took some important
steps toward developing such libraries and overcame two significant challenges associated with
these materials.

Typical metal oxide or chalcogenide nanoparticle syntheses involve the production of the
nanoparticle in the presence of oleic acid or some other stabilizer that can prevent introduction of
water-solubilizing surface ligands. One needs to find ways to conduct ligand exchange reactions
that introduce the desired ligand. We chose to examine these reactions for PbS nanoparticles
because these are technologically important and to examine how a nanoparticle with a heavy
metal in the core would influence the toxicity of the nanoparticles. We were able to replace
oleic acid ligand on the PbS with a thiol-containing ligand. This solution was suboptimal because
the photoactivity of the lead sulfide caused the sulfur-binding group to oxidize, making the thiol
ligands unstable.®” Thus, we developed a way to attach a chelating ligand with two binding
groups to the PbS core. This ligand remains stable in the presence of light. It also diminishes or
eliminates the toxicity associated with lead exposed on the surface.

The other problem that we recently overcame is gaining reliable access to metal oxide
nanoparticles. These nanoparticles are typically produced at temperatures in excess of 300 °C,
requiring sophisticated control over the reaction conditions. As a consequence, there can be
variability in the size, size distribution and crystallinity of the material. Furthermore, the high
temperatures prohibit the use of more sensitive stabilizing agents. We recently discovered a new
general approach to the production of a wide range of metal oxide nanoparticles that allows rapid
access to these nanoparticles under mild conditions. Investigations are underway to examine
how ligand exchange can be used to introduce water-solubilizing ligands and produce metal
oxide nanoparticle libraries to complement the gold nanoparticle libraries.
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Exploration of the use of naturally occurring lipids to control nanoparticle shape and size
Scott Reed (formerly at Portland State University, now at the University of Colorado, Denver)
The primary outcomes from this project are categorized in the following three sub-projects: 1)
Use of lipids as benign ligands for nanoparticle synthesis 2) control of nanoparticle shape using
lipids, and 3) minimization of toxic reducing agents (formaldehyde) in the synthesis of
nanomaterials. The first and second sub-projects originated from the original Statement of Work
for this project and were the focus of most of our effort. The second goal is the thesis work of a
graduate student that has not yet defended his thesis and more results are anticipated as this
project is wrapped up. The third sub-project arose from a serendipitous discovery during our
work.

Sub-project 1: Use of lipids as a benign ligand for nanoparticle synthesis

We have developed techniques to prepare gold and silver nanoparticles using lipids as capping
ligands. We have published our results using gold nanoparticles and phosphatidylcholine (PC)
lipid.*® Many nanoparticle properties can be tuned using this approach including metal core size
and solubility. In particular, an unprecedented solubility conversion was observed that allows
for new methods for preparing and modifying functional nanostructures in benign solvents.
Preparation of nanoparticles in organic solvents (e.g. dichloromethane, chloroform, or toluene)
provide for an optimal narrow core dispersity. Transfer from organic solubility to water
solubility occurs by the formation of a lipid bilayer structure. The particles were found to retain
their spherical shape and average core diameter of 7 nm during multiple solvent transfer events.
Figure 24 is a representative sample of gold nanoparticles prepared from PC in a biphasic solvent
system with sodium borohydride reducing agent. By performing the synthesis in organic solvent
and then transferring to water, a much narrower dispersity is achieved.

Samples of these PC-stabilized gold nanoparticle were sent to Stacey Harper (OSU) for toxicity
analysis and are included in the SNNI database. Substantial progress has been made in
characterization of lipid-stabilized nanoparticles prepared by a number of different synthetic
routes. The routes including aqueous, organic, and biphasic synthesis that involve a phase
transfer of nanoparticles.
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Figure 24. TEM micrographs of Au-SoygsPC nanoparticles as synthesized in H,O/CHCl;,
with NaBH, (Left) after transfer to H,O (center), and after re-suspension in CHCI; (right).
Scale bars = 20 nm. n = total number of particles counted.*®
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We have also designed a two-step synthetic approach that provides a route to asymmetric bilayer
coating of metal nanoparticles. The TEM shown in figure 25 was prepared from a stepwise
addition of SoygsPC to precursor monolayer coated nanoparticles. Transfer from organic
solubility to water solubility occurs with the formation of a bilayer structure. The particles were
found to be spherical of with an average core diameter of 11 nm. These nanoparticles were ~3
nm smaller than observed in the monolayer coated nanoparticle.
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Figure 25. TEM micrograph of a representative sample of the bilayer Au-
[SoygesPC][SoyesPC] nanoparticles in H,O.

Using water-soluble PC nanoparticles we have explored the interaction of porphyrin dyes with
the gold in order to better understand and control the quenching ability of the gold. Water-
soluble lecithin stabilized gold nanoparticles were synthesized as described previously and
ligand exchange was performed with mercaptopropanesulfonate. These samples were then mixed
at various concentrations with tetrapyridyl porphyrin to investigate quenching interactions. On-
going work will explore the use of these nanoparticle-fluorophore conjugates as biocompatible
probes.

We next developed hybrid bilayer nanoparticles (HBNSs) using thiols in combination with lipids
that provides a strong protective coating for the nanoparticles. Addition of a sub-monolayer
quantity of hydrophobic alkanethiol provided an anchor that hold the lipids close to the metal
core resulting in nanoparticles that are stable to temperature, acid, and high concentrations of
cyanide. This is the first report ever of hybrid bilayers supported on gold nanoparticles.* These
materials will provide insight into how endocytosis and exocytosis occur and will contribute to
our understanding of how synthetic nanostructures can be used for drug delivery. While
previous papers have reported stability of gold nanoparticles to cyanide for hours or days, we
have stored samples in cyanide etch for months without measurable loss. We are aware of no
other ligand system with comparable stability. This will be of utility for lithography, sensors,
and many other applications. These materials may also provide insight into the environmental
fate of synthetic nanomaterials.

To further establish the applicability of these green nanoparticles as useful probes and models,
we explored the use of the nanoparticles as low-density lipoprotein (LDL) mimics for detection
of C-reactive protein (CRP). This involved the development of a synthesis using sodium oleate
to facilitate curvature of lipids around gold nanoparticles prior to lipid coating.** We established
technique for controllable clustering of nanoparticles using biocompatible combination of
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phospholipid and sodium oleate (TEM of CRP induced clustered gold nanoparticles in Figure 26
below).

We described a novel bio-mimetic system that mimics the exterior lipid coating of LDL. We
reported on the use of this system to study how CRP recognizes nanoscale curvature in lipid
membranes. CRP levels are used to identify patients for statin therapy, however, much remains
unknown about how CRP recognizes damaged membranes and lipoproteins. Our discovery
sheds light on the role of CRP and how membrane shape may be an important part of how
apoptotic cells are recognized and removed from the body. This work will have an impact on
research on nanomaterials, atherosclerosis, and the design of protein diagnostics. We determined
that CRP causes clustering of PC coated gold nanoparticles (Figure 26).

Figure 26. CRP induced clustering.

Sub-project 2: control of nanoparticle shape using lipids

We have successfully expanded our lecithin-based green synthetic routes to include the synthesis
of silver nanoparticles, gold prisms, and silver-gold core-shell nanomaterials. In the process of
finding a substitute for CTAB in gold nanorod (GNR) growth, we chose L-a-
Phosphatidylcholine because of its similar trimethylammonium head group and its abundance in
soybeans. However, no asymmetric growth was seen when using PC with HAuCl,. Upon adding
CTAB to HAuCI, the Au"" solution is a bright yellow and changes to an orange color which led
us to believe there was an exchange of CI” for Br’. Upon addition of KBr to the Au'"' solution, the
solution turns a dark orange color. Particle growth using this Au"" source with bromide gives a
second plasmon in the near-infrared (NIR). The increasing amounts of bromide give longer
wavelength shifts in the red shifted plasmon.

This however, did not give reproducible results in regards to the intensity of the red-shifted
plasmon and investigations are under way to determine the mechanism responsible for this
anisotropic growth. A NIR SPR was obtained using 30 % purity soy lecithin. When 95% purity
PC was used scattering and precipitation resulted. This led us to believe there are other ligands
in 30% soy lecithin that help to stabilize the particles and may contribute to asymmetric growth.

For control of aspect ratio, it is shown that the amount of ascorbic acid added can control the
length of the rods. There is a lower limit to the amount of ascorbic acid used as shown when
concentration falls below 100 mM. Coarse tuning of the plasmon from 700 nm up to 1050 nm is
possible. In order to fine tune the NIR region, we found that the amount of seed added can easily
control the plasmon to within ~50 nm.
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The main controlling feature we have found in particle growth is the seed. Multiple seed sources
and seed preparations have been utilized in the growth of GNPs and we have found that the
source of the seed is important for anisotropic growth.

Purification of GNRs in solution was achieved by centrifugation of a prepared solution at 4000
rpm (~1900 g). After 1 hour, the supernatant retains some of its red color and upon inspection of
the pellet (after being re-dissolved in water), it is seen that the red-shifted plasmon increases in
intensity as compared to the blue shifted plasmon. TEM spectra of these particles show an
increased amount of rod shaped nanoparticles of differing aspect ratios and prisms.

Sub-project 3: minimization of toxic reducing agents (formaldehyde) in the synthesis of
nanomaterials.

We asked ourselves why metal nanoshell and core shell syntheses were being performed with a
1000-fold excess of the toxic reagent formaldehyde and found some interesting answers. All
prior reports overlooked the fact that ammonia and formaldehyde react to form a polymer. And
it is this polymer that is responsible for asymmetric deposition of silver coatings. We discovered
that 1) The polymer formed by formaldehyde and ammonia is critical to obtaining near-infrared
absorbing gold-silver core-shell nanoparticles and 2) formaldehyde can be cut 100-fold by
understanding this additional role of formaldehyde.*

Core-shell structures were clearly identified in TEM images and the EDX analysis showed that
the inner core is Au and the outer shell is Ag. These gold-core / silver-shell nanoparticles
structures have potential applications in biomedical research. Initial reduction results in
spherical silver nanoparticles, followed by the gradual formation of the core-shell materials. The
gradual asymmetric growth is visually striking: the yellow solution gradually turns into a green
solution within a period of one hour. The UV spectra show the gradual asymmetric growth at the
cost of spherical silver nanoparticles evidenced by the gradual decrease in the intensity 400 nm
region.

] . - 5
Figure 27. Representative TEM of gold-core / silver-shell nanoparticles.

As nanomaterials become adopted for larger-scale applications it is important to optimize their
syntheses to reduce the potential environmental impact of their production. The persistent use of
high concentrations of formaldehyde since Zsigmondy’s original synthesis suggests that the
properties of this polymer or similar polymers could favorably influence the metal coating
process. Therefore, finding a suitable replacement for this polymer could help to minimize the
use of formaldehyde and allow a switch to more benign reducing agents.
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Nucleic Acid Functionalized Gold Nanoparticles for Biological Sensing and Therapeutic
Applications

Andy Berglund, Jim Hutchison (University of Oregon)

Study of Nucleic Acid-Au Surface Interactions

The goal of our project was to identify SSDNA/RNA sequences that have exquisite binding
specificity and/or high affinity for the surface of nanoparticles (NPs) of interest and to use them
to mediate nanoparticle growth. Based on the exciting properties and potential applications of
gold nanorods (AuNRs) in therapeutics, we selected them as our first target.

Our initial approach was to use SELEX (Systematic Evolution of Ligands by Exponential
enrichment) to identify aptamers that bound Au surfaces with high affinity (Figure 28). SELEX
is a powerful methodology that isolates and amplifies rare SSDNA or RNA sequences with
unique characteristics from the large pool of random molecules (10*).

SELEX Overview
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Figure 28: SELEX overview. Au(111) crystal face is prepared by evaporation.

Randomized DNA sequences are transcribed into RNA, which forms the initial pool of aptamers.
This pool is incubated with the surface, and non-specific binders are rinsed away. Specific
binders are then eluted. These binders undergo RT-PCR, which converts them to cONA. They
are then amplified by PCR. The cDNA is transcribed to form the RNA pool for the next round
of SELEX.

To isolate aptamers that bind to specific gold surfaces, we designed and constructed a
microreactor that we dubbed in vitro selection on surfaces (ISOS). ISOS allows for the selection
of RNA aptamers for virtually any planar substrate (Figure 29). While we initially focused on the
Au(111) surface, the ability to select aptamers for any surface could have numerous applications
in nanotechnology and surface science. ISOS allowed us to precisely control the surface area of
Au(111) exposed, the volume and concentration of RNA in the experiment and the temperature.
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Figure 29: 1SOS microreactor used in our SELEX a) Cutaway view of ISOS b) three
inserts used to control the concentration of Au during the SELEX experiment ¢) XRD
performed on evaporated Au surface

In our SELEX experiment, we performed six rounds of selection, increasing the stringency of the
selection with each step by either decreasing the surface area of gold available, increasing the
concentration of competitor tRNA or increasing the temperature. This resulted in the isolation of
~1000 high affinity sequences out of an initial pool of 10'* sequences. Interestingly, the isolated
sequences were comparatively purine rich (Figure 30). We hypothesize that the adenine residues
interact more strongly with the surface than the other nucleobases, as described previously.*?

Rod Yield (%)

Figure 30: Preliminary Results of the SELEX performed on evaporated Au {111} a.)
Percent yield of gold nanorods for NPs produced using different sequences b.) UV-Visible
absorbance of NPs produced using AURNA1 c.&d.) Images of gold nanorods produced
using AURNAL e.) % of each base in final pool aptamers f.) Shapes produced using
AuRNAZ2.
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We screened the isolated aptamers for their ability to mediate NP growth. Initially, we found
two promising sequences that appeared to dictate NP growth and dubbed them AuRNAL1 and
AURNAZ (Figure 30). AuRNA1 seemed to promote growth of AUNRS, whereas AURNA2
seemed to promote growth of Au tripods. Unfortunately, the apparent influence of these
aptamers upon growth of the nanoparticles was not robust. When we had only performed a few
trials (n=3), it appeared that AURNAL produced AuNRs in 22% yield. As the number of
synthetic trials increased, it was clear that statistically, the aptamers were having no effect on NP
formation.

We were concerned that we may have inadvertently selected for aptamers that would
predominantly bind spherical Au, the surface of which is known to be mainly Au(111). We
began work on some AuNR assemblies and planned to perform a new SELEX experiment on the
actual substrate of interest. We first decided it was necessary to test our assumption that our
SELEX conditions were conducive to competition for the Au surface between individual
aptamers. Therefore, we developed a binding assay appropriate for testing the binding affinity
of the sequences.

For our binding affinity assay, we employed Whatman’s minifold dot blot array to separate an
evaporated gold surfaces into individual 2mm? areas. Our plan was to saturate the gold surface
with a radiolabelled competitor and then add an unradiolabelled competitor to compete with it to
bind the Au (Figure 31). We planned to characterize the relative binding ability of each
sequence according to what concentration of it was required to remove half of dA;s bound to the
surface.

Assessing Aptamer Binding Affinity

Radiolabelled

Au surface saturated by
Hgand

radiolabelled ligand

TR

Au {111}
W ":%’@ i

* Amount bound determined by counting
final surface radioactivity

* [Aptamer] required to remove Y2 ligand =
ICyq; Is characteristic of relative binding
affinity

Figure 31: Assay for Assessing Aptamer Binding Affinity.

The Au (111) surface is prepared by evaporation. A microdot blot array separates the gold
surface into a series of 2mm? surface areas. Radiolabelled ligand is added to the surface and
incubated. Excess ligand is removed. Unradiolabelled aptamer is added to compete with the
ligand for the surface. Scintillation counting is used to measure the final amount of ligand bound
after the competition.
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First, we determined that 50-100 pmoles of dA;s (Figure 32) or dC;5 (data not shown) was
sufficient to saturate each 2mm? gold area. Then we ran a series of experiments in which we
pre-bound the Au surface with one radiolabelled sequence and tried to remove it using a large
excess of unradiolabelled competitor (Figure 32). This did not work, even when there was over
1x10° times more competitor than original binder. Extending the competition time to up to 24
hours also had no influence on the ability of either oligonucleotide to remove the other from the
surface of the gold. This means that SELEX is an inappropriate way to identify/isolate nucleic
acid sequences with a high binding affinity to a Au surface.

a) dA;;Binding to 2mm?2 Au Surface  b) dA,, Competition with pre-bound dC,
for Au Surface
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Figure 32: Binding assays. a) Sample binding curve used to determine how much of each
oligonucleotide saturated the Au surface b) Competition assay in which dA;s was used to
try and remove radiolabelled dC;s previously bound to the Au surface.

Conclusions from this study
e ISOS is a promising way to isolate sequences of DNA/RNA that bind surfaces of interest

e A new method for evaluating relative binding affinities of labeled molecules to surfaces
has been developed

e Single-stranded DNA interacts strongly with Au surfaces. Once a sequence is bound,
other sequences of DNA are unable to displace it effectively from the surface. This means
SELEX is not a good way to identify sequences that can influence NP formation, since it
relies on competition between sequences during a series of binding events.

e Decreasing DNA chain length did not permit displacement of bound nucleic acids (data
not shown), suggesting electrostatic repulsion may play a more important role than steric
hindrance.

Future work: We are in the process of testing the relative affinity of single-stranded DNA
sequences for Pd surfaces. We are interested in determining whether individual sequences can
displace other sequences bound to the surface.

Aptamer-based Colorimetric Nanoparticle Sensors

The long-term goal of this project is to design/synthesize colorimetric nanoparticle aptasensors
that rapidly and reproducibly detect environmental pathogens and/or contaminants with high
selectivity and sensitivity.
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Detection of allergens, pathogens, pharmaceutical compounds and environmental pollutants by
aptamer-based sensors is typically based on fluorescence®, enzymatic cleavage*, PCR* %,
electrochemical®’ or colorimetric nanoparticle methods.*® From a personal or commercial
detection standpoint, colorimetric sensing has a huge practical advantage over other detection
methods because the process is rapid and requires no specialized equipment or technical
expertise.

In typical aptamer-based colorimetric sensing, DNA-functionalized nanoparticles are first
assembled into aggregates based on interactions between complementary DNA sequences,
causing them to appear blue (Figure 33). After analyte addition, the nanoparticles disassemble,
causing the solution to turn pink (Figure 33).
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Figure 33: Aptamer-based Colorimetric Sensing Scheme.

In the absence of analyte, NPs assemble into aggregates and their plasmons interact. When
analyte is added, the interaction is disrupted, resulting in a colour change.

A key problem with existing colorimetric nanoparticle sensors is that that they fail to respond to
biologically relevant analyte concentrations. An existing adenosine sensor*® employs an aptamer
whose L.O.D. is in the 1-10 uM range.*® The average adenosine concentration in cells is 1.5
uM® and it spikes in response to nearby tissue injury. The nanoparticle assemblies only react >
300 uM*® . In our work, we hope to increase the range of analyte detection to include
biologically relevant concentrations.

Our approach consists of attaching DNA aptamer sequences to glutathione(GSH)-stabilized
nanoparticles via the use of a novel NHS ester-maleimide linkage (Figure 34), and optimizing
the attachment conditions to produce NPs with very few DNA sequences attached to them. We
hypothesize that decreasing the number of sequences attached to each particle will reduce the
size of nanoparticle aggregates, eliminating steric hindrance that prevents interaction of the
aptamer with the analyte, thus increasing the sensor’s response range.
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Figure 34: Approach to Functionalizing GSH-stabilized NPs with aptamers.

A solution of GSH-stabilized NPs in sodium phosphate buffer is incubated with SM(PEG),, then
thiolated DNA. The NHS-ester of SM(PEG), reacts with GSH’s primary amine, and then the
maleiimide groups reacts with the thiol group on the DNA. The product is purified by
diafiltration.

Initially, we have focused on performing ligand exchange on citrate-formed NPs to produce
GSH-stabilized NPs. We found that adding HAuClI, to citrate solution at reflux produced a well-
defined product (Figure 35). We used transmission electron microscopy (TEM) to verify that the
particles were spherical, and small angle x-ray scattering (SAXS) to determine that the size
distribution was 13.7 + 1.8 nm (data not shown). X-ray photoelectron spectroscopy (XPS)
confirmed that a thiol was bound to the surface of the NPs.
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Figure 35: a) Preparation of GSH-functionalized NPs. Citrate-stabilized NPs are prepared
by adding HAuUCI, to citrate solution at reflux. After 10 minutes, GSH is added while still
at elevated temperature. The solution refluxes 20 minutes and is then remove